This contribution summarized the recent studies of tungsten-based plasma-facing materials in the linear plasma device like the simulator for tokamak edge plasma (STEP), focusing on the examination of newly developed tungsten (W)-based materials and plasma-induced defects in pure W. Pure W, W-V, W-Y 2 O 3 and W-ZrC samples were exposed to a high-flux plasma of ~ 10 21 -10 22 m −2 s −1 with a fluence up to 10 26 m −2 at a surface temperature below 500 K. The investigation of fundamental evolution of plasma-induced defects in pure W indicated a critical role of hydrogen-dislocation interactions. Suppressed surface blistering was observed in all W-based materials, but deuterium desorption behavior and retention were distinct with respect to different materials. The studies showed that the linear plasma device like the STEP was indispensable in the understanding of plasma-material interactions and the qualification of new materials for future fusion reactors.
Introduction
Plasma-facing material (PFM) is the main interface between the fusion plasma and the reactor structure, thus, suffering from a harsh irradiation condition [1] , which could potentially limit the availability of magnetic confinement fusion device such as International Thermonuclear Experimental Reactor (ITER). Tungsten (W) is utilized as the primary PFM in the ITER divertor [2] and a full W first wall has been proposed in the next-generation devices such as China Fusion Engineering Test Reactor (CFETR) [3] because of its advantages: high heat conductivity, high melting point, low tritium retention, and low erosion rate [4] . Limitation of W PFM stems from the brittle nature of W, which gives rise to the difficulty of the component manufacture and the potential failure of components operated at elevated temperatures and high heat loads [5] . Mechanical properties such as ductility and ductile-to-brittle transition temperature (DBTT) are critical factors affecting the W performance.
Furthermore, harsh irradiation conditions including the high-flux particles, heat loading, and neutron damage will degrade the mechanical properties of W and increase its DBTT [6] . Advanced W-based materials with high performances which can keep the structure sound even under the harsh irradiation condition are required [7] . The reinforcement approaches usually involve alloying, nanostructuring, and the material design. Solid solution alloying and oxide or carbide dispersion [8] strengthening are actively investigated worldwide due to the ease of operation and the possibility to reinforce W-based materials. Though various approaches are available, W-based PFM in fusion reactors requires comprehensive performances including thermal properties, erosion resistance, mechanical properties, and hydrogen (H) isotope compatibility and activation, which greatly restricts the choices of approaches [9] .
The evaluation of a new W-based material as the PFM must include not only the mechanical and thermal test, but also the erosion and H compatibility test in a plasma environment. Tokamak is an ideal test base providing a fusion-relevant environment of plasmas, heats, and magnetic fields. However, Tokamak experiments are very costly, time-consuming, and usually difficult to be understood and analyzed because of complex irradiation parameters. Furthermore, plasma physics is the main topic of most devices, which means that the machine time is very limited for material-oriented experiments. Therefore, the material test in Tokamak is considered as the last period of the evaluation, and other plasma test must be done before. Linear plasma device (LPD) is an essential plasma test platform which could test materials under a condition like Tokamak edge plasmas, but at a low cost and a rapid test period. LPD experiment is flexible in plasma parameters, material shapes, and diagnostics setups, which makes material tests with dedicated designs possible.
Active research programs are carried out in worldwide LPDs to support the development of PFMs for ITER and future devices. Mixed Be-W material studies are performed in Plasma Interaction with Surface and Components Experimental Simulator-B (PISCES-B) in University of California San Diego (UCSD) to investigate the erosion, deposition, and H retention in Be-W [10, 11] . Helium (He)-induced fuzz formation at elevated temperatures and unipolar arcing are studied in Nagoya Divertor Simulator-II (NAGDIS-II) at Nagoya University [12, 13] . Synergetic effects of plasma, heat load, and impurities such as He, Ne, and Ar are characterized and studied in Plasma-surface interaction-2 (PSI-2) at Forschungszentrum Jülich (FZJ) [14, 15] . Magnum-PSI at Dutch Institute for Fundamental Energy Research (DIFFER) is of the unique capability to produce a high-flux plasma up to 1 × 10 25 m −2 s −1 as expected at the strike point in the ITER divertor [16] . Moreover, transient events such as edge-localized modes (ELMs) could be well simulated by a pulsed plasma in Magnum-PSI using a capacitor bank, meaning not only the plasma irradiation effect but also the heat load effect could be studied simultaneously [17] . Further information about LPD devices could be found in the reported reviews [18] [19] [20] .
A laboratory LPD named with STEP ( Fig. 1 ) was developed in Beihang University in collaboration with Institute of Plasma Physics, Chinese Academy of Sciences, which is the first LPD dedicated to PFM tests and studies in China. Utilizing a LaB 6 cathode, STEP can deliver plasmas with a flux up to 10 23 m −2 s −1 . The STEP device achieved its first plasma in September 2014, and now, it operates routinely with high-flux deuterium (D) or He plasma. So far, the maximum plasma fluence delivered by STEP is 1 × 10 28 m −2 after 64 h continuous operation. A detailed depiction of the STEP design and structure could be found in Ref. [21] .
Recent research in STEP involves plasma testing of new W-based materials [22] [23] [24] [25] , characterizations of H plasmainduced defects [26, 27] , synergetic effects of high-energy ion implantation and plasma irradiation [28, 29] , and He behaviours in steels [30, 31] . This contribution will first devote one session to the investigation of H plasma-induced defects in pure W to shed light on the fundamental evolution of defects during plasma irradiation. Then, we mainly focus on the examination of newly developed W materials with the addition of vanadium (V), yttrium oxide (Y 2 O 3 ), and zirconium carbide (ZrC) after D plasma irradiation in the STEP device. Surface morphology changes observed by scanning electron microscope (SEM) and D retention measured by thermal desorption spectroscopy (TDS) are utilized to evaluate their responses to plasma irradiation.
H plasma-induced defects in pure W
The defect formation and microstructure evolution of W exposed to high-flux D plasma are closely related to fuel retention and mechanical properties, which attract attention and interests. Due to the low energy of incident particles, most complex, synergistic and inherent multiscale plasmamaterial interactions occurred at the surface of PFMs [32] . On the subsurface, supersaturated particles diffused into the bulk driven by concentration gradient and interacted with intrinsic or irradiation defects. Therefore, the plasmadamage model in W can be developed, including a severely damaged surface layer at a nanometer scale, a subsurface layer with saturated D and blistering at a micrometer scale, and a less affected bulk layer [33] .
Microstructure evolution of W exposed to different D plasma conditions was investigated in STEP. Severely damaged surface layer was illustrated using pre-thinned W TEM specimens exposed to D plasma [26] . Under relatively low-flux D plasma exposure, a slight distortion of W lattice was observed. When exposed to D plasma with a flux of 1.0 × 10 22 m −2 s −1 and reach a fluence of 5.0 × 10 25 m −2 at 473 K, the deformation and fragmentation of the crystalline grain occurred in the thin area of W in Fig. 2a . A nanocrystalline layer was formed on W surface due to supersaturated D atoms and local stress. When extending the exposure time, an amorphous W layer appeared. The severely damaged surface layer was in accord with the D-supersaturated surface layer demonstrated by Gao et al. [34] , a layer that contained the extremely high D concentration and supersaturationinduced stress. The observation provides the underlying mechanism explaining why an unexpectedly D concentration of ~ 10 at.% appeared in the layer.
Blistering behaviors in W were widely investigated by worldwide research groups at different LPDs [35] [36] [37] [38] [39] [40] . The relationships of D retention/blistering with plasma and material conditions were well understood, but mechanisms of the blistering nucleation and D retention are still under discussion. A {001} <001> edge dislocation nucleating and blistering mechanism is proposed based on the experiments in STEP and previous works [27] . Here, special disk W samples were exposed to high-flux D plasma and electropolished to avoid artificial defects. Intra-granular blisters, protrusions, and dislocation tangles were observed in W grains as exhibited in Fig. 2b . Intra-granular blisters and protrusions were expected to nucleate by dislocation tangles as they had similar microstructures. The dislocation loop punching mechanism was negated and a <001> edge dislocation mechanism was proposed. The detailed demonstration and validation of the mechanism could be found in Ref. [27] .
Plasma testing of W-based materials

W-V alloys
A general approach to enhance the ductility and toughness is the solid solution strengthening with alloying elements. W could be alloyed with V, Ta, Mo and Nb at an unrestricted solid solubility and with Re, Ti and Ir at a limited solubility. Developed W-V alloys exhibit improved mechanical properties including increased strength and higher toughness [41, 42] . The plasma test with W-V alloys in STEP shows a good resistance to surface blistering but an increased D retention, suggesting both the improvement and limitation of W-V alloys as a PFM.
Wang et al. [23] developed W-V alloys with V concentrations of 5 wt.% and 10 wt.% (denoted as W-5V and W-10V) by powder metallurgy and hot pressing (HP) sintering. Mixed W-V powders with complete W-V solid solution were obtained by high-energy ball milling, and then sintered by HP sintering under a high purity argon atmosphere at 20 MPa and 2100 K for 2 h. The porosity of W-5V and W-10V was 3.51% and 2.28%, respectively, slightly higher than that of the commercial rolled W (1.90%). The surface morphology of polished W-10V was observed by using SEM, as shown in Fig. 3 . Three types of grains were identified as V-enriched grain (the dark region 1), W-V solid solution grain (the grey region 2), and W-enriched grain (the light grey region 3) after measured by energy-dispersive spectrometer (EDS). While V could be fully dissolved in W in principle, V enrichment could happen considering a heterogeneous alloying in mechanical milling and V segregation during the sintering.
The W-V alloys and commercial rolled pure W (Advanced Technology and Materials Co., Ltd, 99.95 wt.% purity) were exposed to a D plasma with a flux of 4.6 × 10 21 m −2 s −1 and a fluence of 5.6 × 10 25 m −2 at a surface temperature of ~ 450 K in STEP. The sample surface was negatively biased and bombarded with an ion energy of 60 eV.
At 450 K, pure W is known to blister severely due to D plasma irradiation, as shown in Fig. 4 . In W-V alloys, blistering was strongly suppressed in W-5V and fully suppressed in W-10V. Blisters in W-5V were usually less than 5 μm in Fig. 2 Microstructure evolution of W exposed to different D plasma conditions. a High-resolution TEM image of W after exposure. Severe distortion was observed in W thin area, indicating the local stress and disordered structure formation on the W surface. Reproduced with permission from Ref. [26] Copyright 2017 Elsevier; b TEM image of the blistering microstructure in W grains. Intra-granular blisters, protrusions, and dislocation tangles were observed in W grains, demonstrating the nucleation and growth mechanism of intragranular blisters. Reproduced with permission from Ref. [27] . Copyright 2019 International Atomic Energy Agency diameter and strongly localized in W-enriched grains, with no observation in V-enriched or W-V solid solution grains. The suppression of blistering is suggested to originate from negative solvation energy of H in V, indicating a strong H segregation from W towards V which reduces the H concentration in W and suppresses H aggregation to trigger blister formation.
The TDS measurement shows an aggregated D retention in W-V alloys compared to pure W, as shown in Fig. 5 . Enhanced D desorption at 510 K and 710 K was observed in W-5V and W-10V, respectively. Additional peaks at 710 K and 910 K were observed in W-5V and turned out to be dominant in W-10V, which could be attributed to D trapping at V-relevant trap sites [43, 44] . The increased V-enriched grain ratio contributes to the elevating peak shifting to the elevated temperatures in the TDS of W-10V. In terms of the total D retention, it was increased significantly by a factor of ~ 6.2 in W-5V, and a factor of ~ 6.9 in W-10V compared to pure W. The increased D retention originated from the high solubility of H in V and the negative solvation energy of H in V.
W with the addition of Y 2 O 3
Besides solid solution strengthening, plastic deformation of W by rolling or forging could improve ductility at a low temperature and strength. To stabilize this improvement at elevated temperatures close to recrystallization, plastic deformation is usually accompanied by oxide dispersion strengthening (ODS). Moreover, oxide dispersion can also stabilize the grain boundary and refine the microstructure of W-based materials. Recently, the addition of Y 2 O 3 in W is developed by powder metallurgy and high-energy rate forging (HERF), which shows a potential of mass production [45] . It is found that W-Y 2 O 3 has a good tensile strength at 873 K, and an excellent thermal shock resistance of ~ 0.33 GW m −2 at room temperature. Its plasma test is carried out in the STEP device [24] , and its performance under plasma irradiation is clearly distinct with respect to the anisotropic microstructure formed during plastic deformation.
Tan et al. [24] developed 0.5 wt.% Y 2 O 3 -doped W by powder metallurgy and HP sintering in vacuum. In the following HERF treatment, the sintered cylinder was first heated to 1823 K in an H atmosphere and then forged along the cylinder axis by a high speed pneumatic rammer at a pressure of 30 MPa in a single cycle. Two types of W-Y 2 O 3 samples can be obtained by cutting from the forging plane (Plane A) and the cross-sectional plane (Plane B). The surface morphology was observed by an optical microscope (Axio Observer A1m, Carl Zeiss) after polishing and stressrelief annealing, as shown in Fig. 6 . In the Plane B, sample grains were elongated along the forging plane. The samples were exposed to D plasmas with a flux of 1. Compared to blisters in pure W (Fig. 4a) , reduced blisters in the Plane-A sample and fully suppressed blisters in the Plane-B sample were observed by a secondary electrons mode, as shown in Fig. 7 , indicating a good resistance of W-Y 2 O 3 to D plasma irradiation in terms of blistering. In the Plane-A sample, blisters were scattered across the surface and their sizes ranged from 0.5 to 2.3 μm. The difference between the Plane-A and Plane-B samples originates from the formed texture during HERF. Grain boundaries parallel to the surface in the Plane-A sample became closer to the top surface as the height of grains decreased after forging, and thus, could serve as the nucleation of blisters. This role of the parallel grain boundaries was weakened in the Plane-B sample, as the density of grain boundaries normal to the top surface was much higher. Trapping of D at these normal grain boundaries would prevent the D accumulation at parallel grain boundaries to form blisters. According to the TDS measurement in Fig. 8 , the D retention also differed with respect to the texture. D desorption of the Plane-A sample and the total retention were similar to that in pure W. While in the Plane-B sample, elevated D desorption was observed at desorption peaks close to 800 K. The underlying mechanism is suggested to be that the high density of the grain boundary is close to the exposed surface. It should be noted that D trapping at Y 2 O 3 particles or interfaces is possibly but unlikely the dominant factor considering the tiny amount ( ~ 0.5 wt.%) of Y 2 O 3 addition in the material.
W with the addition of carbide
Carbide dispersion strengthening (CDS) is a comparable way to reinforce materials as ODS mentioned above. The CDS W material is expected to show an improved performance because of the high melting temperature and good compatibility with W of carbide such as ZrC. Liu et al. [25] developed 0.5 wt.% ZrC-doped W showing the high strength and ductility. The WZrC plate was fabricated through powder metallurgy, cold isostatic pressing, high-temperature sintering, and subsequent hot rolling. The plasma test of WZrC in STEP showed promising results [25] , but required further investigation for a better understanding of the strengthening mechanism.
W-ZrC samples were exposed to D plasma with a flux of 5.0 × 10 21 m −2 s −1 and a fluence of 7.0 × 10 26 m −2 at a surface temperature of 453 K in STEP. In Fig. 9 , it was observed that the blister size in W-ZrC was reduced . Reproduced with permission from Ref. [24] Copyright 2018 Elsevier to ~ 100 nm despite the high number density of blisters distributed across the whole surface. A similar argument could be made as in W-Y 2 O 3 that the strengthened grain boundary would limit the growth of blisters. The fracture along the grain boundary became harder, and thus, big blisters covering several grains were seldom found in W-ZrC samples. In terms of H compatibility, it is intuitive to expect an elevated retention considering the high grain boundary density in CDS or ODS material. However, an unexpected low D retention was observed in W-ZrC, as shown in Fig. 10 . Liu et al. [25] speculated the rapid diffusion of H along grain boundaries or interfaces potentially contributed to the enhanced H release (meaning reduced H retention) during plasma irradiation.
Summary
The linear plasma device STEP is a powerful platform for fusion-relevant material studies including plasma testing of newly developed W-based materials, synergetic effects of plasma, displacement damage and heat loads, and the fundamental evolution of plasma-induced defects. The critical role of the plasma test in LPD prior to trial service in Tokamaks is shown. Experiments using pure W indicate a critical role of hydrogen-dislocation interactions. For newly developed W materials, mechanical properties Plasma-material interactions could be greatly altered according to the composition, texture, and fabrication procedure. Plasma tests in STEP will offer a practical guidance to understand underlying processes and mechanisms.
